Compressor surge is one of the most worrisome in-flight emergencies that users have to face. The phenomenon is influenced by many parameters internal or external to the engine. The purpose of this paper is to describe an investigation into this matter prompted by the operating experience of the Hellenic Air Force. Initially, the most common destabilizing parameters had to be identified and their influence on engine handling was assessed.
tendencies were observed in high angle of attack attitudes, the worst being engines with suspected deterioration. Similarly affected were installations with small deviations of their intake ramp schedule. The analysis described in this paper was performed to evaluate the influence of various destabilizing factors on engine performance and to classify them in terms of criticality in a semiquantitative way.
Gas turbine stability is affected by various factors. In the analysis that follows, the most common were examined. The aim of the present work is to give a preliminary quantitative explanation of how these factors affect the performance and the handling of an aircraft engine in service in the Hellenic Air Force, the GE-J79 single spool turbojet installed in the F-4E.
All these factors were investigated as part of the work on which this paper is based (Ref I) . The present report will focus only on those considered most important, and in particular on the modeling and the effect of inlet distortion.
In all cases, the simulated surge margin was monitored, initially for the clean engine at SLS conditions. Then, the same parameter was examined again at various altitudes and tlight Mach numbers. Finally, a combination of various destabilizing factors at various flight speeds and altitudes were simulated to show the effect on the engine in representative operating circumstances.
THE HANDLING PROBLEM
The Hellenic Air Force has been facing compressor surge problems for several years in some of its fighter aircraft.
The problem was believed to be caused by how the aircraft was used, rather than by internal engine problems. Statistically, interceptor squadrons had four times as many surge incidents than strike squadrons that use the same aircraft and engines.
The main cause of the problem is believed to be intake distortion, in short subsonic intakes, and low pressure recovery in long supersonic ducts. In the case of the Hellenic Air Force the main kens was on the latter.
Experience has shown that rapid maneuvers, especially during air combat, if combined with an internal engine deterioration factor, can reduce compressor surge margin significantly. At the same time, different engines exhibit a different sensitivity to such factors, while the type of installation plays a key role on the level of distortion or pressure recovery present at the compressor face.
Specifically the worst problems were encountered in training dogfights at high altitude. In particular, during high 'g' tight turns the outboard engine had a tendency to surge. Similar The maps were introduced as a set of tables where pressure ratio, non-dimensional mass flow and efficiency are given for various non-dimensional rotational speeds and VSV settings. Interpolation was carried out as required.
The TLA was directly related to fuel flow, using the nondimensional schedules derived from the data provided in the flight manual of the engine as fitted to the F4E aircraft. In a similar way, Mel, VSVs, variable nozzle and bleed offiake data was fed to he program.
The off-design performance of the engine (different light velocities -various altitudes) was simulated This was very useful for the calibration of the model.
DISTORTION ANALYSIS MODEL
The performance of a compressor is represented in terms of a series of constant speed characteristics, each of which describes the stable range of operation of the machine at a given non-dimensional speed. The upper boundary of each characteristic is determined by the complete breakdown of stable condition and Inlet distortion is a region of low velocity at the compressor inlet face, which is receiving air at a homogeneous static pressure. This region of low velocity has, therefore, a lower stagnation pressure than the unspoiled part of the compressor.
Inlet distortion is frequently simulated as producing a bodily shift in the compressor characteristics with, usually, a relatively small change in the shape of the speed lines. It is therefore necessary to define equivalent points on the characteristics for each level of distortion.
The aim of the exercise was to devise a model to quantify this movement of the compressor characteristic to include in the transient program. This was carried out employing the parallel compiessor theory (Ref. 3 ). The present model consists of two main steps prediction of the surge line prediction of the operating line The technique of the parallel compressor model was employed to establish the position of the surge line under a variety of deteriorated conditions. This was done as follows:
The compressor is divided into two segments which are operating simultaneously and discharging to a common plenum (fig 2) , Inlet total pressure and temperature conditions for each compressor segment are determined by the circumferential distortion pattern under investigation. It is assumed that the angular sector of the compressor which is deteriorated does not change. Then the compressor is simulated as consisting of the two parallel compressors, the clean one and the deteriorated one when seeking the new . The total pressure ratio of the deteriorated part of the compressor is that given by the surge pressure ratio.
No inlet temperature distortion is considered in the model: therefore Tte = Tts = T2mtan is assumed. Thus, given P:.,, and a level of static discharge pressure p3, the proper airflow split W:,, and WI, must be determined in the simulation so that the static pressures at compressor discharge satisfy the relation plc = p3,, = p3.
Because the clean -inlet compressor map is in terms of total conditions only, static pressure at compressor discharge was determined from gas dynamics relationship and the knowledge of inlet and outlet flow areas: For a given corrected speed N the inlet conditions P2,,, Pis and 12 together with the fraction of the distorted ALP 0, are given. They are simulation inputs whose values are fixed by the distortion pattern being studied. An arbitrary point X, is selected on speed line N from the clean inlet compressor map. The corresponding corrected airflow Wu after attenuation by is chosen as the inlet airflow of the compressor segment representing operation in the low pressure region (W2., OW2).
Once the point X, is chosen, the discharge total pressure of the low pressure segment is fixed. The total temperature and total mass flow at compressor discharge are determined using energy and mass balances. For these, the bleed work and mass flow was taken into account as were the power off -takes.
These flow parameters are then used to obtain the Mach number at compressor discharge from which p3 ,, can be calculated. For simplicity, in the analysis reported here a discharge coefficient ce of unity was assumed.
The corresponding operating point for the high pressure segment is then obtained through iteration. As an initial guess, a point X, with more surge margin than X, is chosen on speed line N. The corresponding corrected mass flow after attenuation by (I-I3), Was is assumed to be the inlet flow to the high pressure segment. Again values of Plc, T3c, Wit and p3, are obtained from maps. If necessary, X, is adjusted and the process is repeated until the calculated value of Lb., converges to p3.,.
Once static pressure balance is achieved, the performance characteristics of the two compressor segments are combined in the following manner to obtain the overall performance of the parallel compressor model: Employing the parallel compressor model with no distortion (p2., =p2x ) should result in an analytical compressor map that is identical to the clean inlet initial map.
The method described above was used for obtaining the new distoi icd map. The original map consisted of six speed lines corresponding to 0.56, 0.67, 0.9, 1.0, 1.03 and 1.07 of the design rotational speed respectively. This map was produced from the TURBOMATCH one but using the VSV schedule of the real compressor.
Various circumferential distortion patterns were simulated. Their intensities were of 0.11 and 0.21 and their extents was up to 180 degrees (defined in fig. 2 ). For every case, the distorted segment of the compressor was led to surge and mean values for pressure, temperature and non dimensional mass flow were obtained.
As an initial approximation the assumption that the speed lines retained their original shape was made. This simplification is acceptable for small levels of distortion. Thus, only one point for every speed line and for every case was calculated. This is suitable for the current exercise, but a more comprehensive analysis is planned for the near future. The new values of pressure ratio and mass flow, rationalized with the old ones, gave two scaling factors for every speed line. Then the whole speed line was scaled and shifted accordingly.
Having completed this procedure for every speed line, the complete compressor characteristic was obtained, including the surge line. The scaling factors obtained from this method were in turn put in the program. After that, the program was run with the new map and with input conditions that were corresponding to the distortion pattern under examination.
SIMULATION RESULTS
For every case examined, a new map, steady state and transient operating, lines were obtained. There was only a small difference in the operating lines, as expected, and that was not because of the inlet distortion but because of the change in efficiency which in some cases was relatively large. This change in efficiency was due to the rematching of the components.
The model was generated to simulate the change in surge margin as due to the displacement of the surge line, resulting from distortion. It was noticed that the drop in surge margin, for a given distortion intensity, was increasing rapidly in the beginning and was stabilizing or even improving as the extent of the distorted sector was getting bigger.
There is a critical sector angle, which appears to be different for every rotational speed, after which the effect of distortion remains approximately constant. This angle was plotted for different rotational speeds and different intensities and extents. The value of this angle can start from less than 30 degrees up to 90 degrees. Figure 3 shows the effect of how some destabilizing parameters affect the operating envelope of the engine. It can be observed that the envelope is significantly reduced by deterioration and distortion.
Different installations impose different distortion levels on the compressor face. In order to examine the influence of the intake duct itself on the compressor stability, two propulsion systems based on same engine installed in different aircraft were examined using data and information from references 6 and 7 (figures 3 & 7). The first has a long supersonic intake ( fig. 4) while the second has a short subsonic intake ( fig. 6 ).
In the first case it can be noticed that, although the 
